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FOREWORD 


This report was prepared by D. L. Davis of the Ramjet Technology 
Branch, Ramjet Engine Division, Aero Propulsion Laboratory, Air Force 
Wright Aeronautical Laboratories (AFWAL/PORT), Wright-Patterson Air 
Force Base, Ohio 45433. The work was accomplished under Task 2308S1, 
"Ramjet Research”. 


The report covers work performed from February 1979 to March 1980. 

The author wishes to thank Dr. Roger R. Craig, Kenneth G. Schwartzkopf, 
Parker L. Buckley, Capt B. Obleski, Robert Schelenz and Steve Campbell 
for their support of this effort. 

This report is Part I of a two part series on Ramjet Combustion 
Instabilities. Part II will contain additional data on other Ramjet 


configurations with some analysis of the data. 


This report was submitted for publication by the author in April 1981. 
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SECTION I 
INTRODUCTION 


Under certain operating conditions and with certain engine config- 
rations, there have been adverse interactions between the ramjet 
combustor and inlet caused by combustion instabilities occurring in the 
ramjet combustor. In order to provide a data base for guidance in 
avoiding combustion instabilities, a series of parametric tests of coaxial 
dump combustors was conducted at the Air Force Wright Aeronautical 
Laboratories, Aero Propulsion Laboratory, Ramjet Engine Division. This 
report summarizes the data from these tests. Analysis and interpretation 
of the data is reserved for future reports. 
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SECTION II 
PARAMETRIC VARIATIONS 


The conditions tested included variations in fuel to air ratio, type 
of fuel injection, air inlet temperature, air flow rate (combustion 
chamber pressure), nozzle area ratio, length to diameter ratio (L/D) of 
the combustor, type of flameholder, inlet diameter, and combustion 
chamber diameter. 


For each combustion chamber diameter, inlet diameter, flameholder, 
and type of fuel injection, a baseline condition was chosen from which 
other variations were tested. For the baseline condition, the inlet air 
temperature was 1000°R (T,,=1000°), the mass flow was set to obtain a 
chamber pressure times diameter product of 200 PSI*inches (P*D=200 lbs/in), 
the nozzle throat area was 50% of the combustion chamber cross sectional 
area (A*/A,=.5) and the combustion chamber length to diameter ratio was 
three (L/D=3). 


All of the parametric variations for this series of tests are 
indicated in Table 1. 
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SECTION III 
HARDWARE 


All testing was conducted at Wright-Patterson AFB, Building 18C, 
Room 18 on the Ramjet Engine Division's Thrust Stand. Test air was 
supplied by the Aero Propulsion Laboratory's DeLaval and Ingersoll-Rand 
Compressors. The air, after passing through an orifice flowmeter, 
enters the thrust stand through twelve flex hoses. The air was then 
heated with oxygen replenishment in a modified J85 combustion chamber 
using ethylene for fuel. A tubular flow straightener and the uniform 
fuel injectors were located downstream of the vitiator in a six inch 
pipe section. The inlet and combustion chamber were then fastened to 
the six inch pipe. A water cooled sonic nozzle was attached to the 
combustor and inserted into the exhauster (see Figure i). Kistler 
Model 202A5 high frequency piezoelectric transducers were mounted on the 
inlet, the combustor and fuel manifold (see Figure 2). The charge from 
the Kistler transducers was converted to voltage with Kistler Model 587D 
couplers and then recorded on an Ampex F1300, 14 track FM tape recorder. 
After testing, the tape was played back into a Nicolet 660A FFT for 
spectral analysis. 


The two types of fuel injectors used were uniform injectors and 
tube injectors. The uniform fuel injectors consist of eight tubes with 
multiple openings to provide a uniform distribution of fuel. The uniform 
injectors are located far upstream of the combustor to allow total 
vaporization of the fuel. The tube fuel injectors consist of tubes with 
an orifice located on the end pointing normal to the inlet centerline 
and the end is mounted flush with the inlet wall (see Figure 4). The 
orifice was sized to obtain a fuel penetration proportional to the inlet 
diameter at the dump plane (see Table 2). 


The flameholders for these tests were of the 'Y' configuration and 
had blockage areas of 25% and 35% of the inlet area. Dimensions of the 
flameholders can be found in Table 3. 
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Figure 2. Kistler Installation 
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Figure 3. Pressure Transducer Locations 
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TABLE 2 
FUEL INJECTOR AND INLET DIMENSIONS 


all dimensions in inches 


D3 D2 LIN d d 
f u 
6. 3 36 046 4.0 
6. 3.5 36 052 4.0 
6. 4 36 .059 4325 
8. 4 24 052 4.5 
8. 4.75 24, .059 4.25 
8. 5.375 24. .068 4.5 
12. 6 36. .059 4.75 
12. 7 36. 068 4.5 
12. 8 16. to 23. .077 4.5 
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Figure 4. Orifice Fuel Injector 
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b3 D2 
(in) Cin) 

6. 3. 

6. 3. 

6. 3.5 

6. 3.5 

6. 4. 

6. 4. 

8. 4. 

8. 4. 

8. 4.75 

8. 4.75 

8. 5.375 

8. 5.375 
12. 6. 
12. 6. 
12. 7. 
12. 7. 
12. 8. 
12. 8. 


TABLE 3 


FLAME HOLDER DIMENSIONS 


BLOCKAGE W 
(4) (in) 
25 64 
35 64 
25 75 
35 75 
25 87 
35 88 
25 84 
35 B84 
25 1.13 
35 1.13 
25 1.26 
35 1.26 
25 1.26 
35 1.27 
25 1.64 
35 1.65 
25 1.75 
35 1.75 
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SECTION IV 
OSCILLOGRAPHS AND PERFORMANCE DATA 


This section contains graphic combustion instability data as it 
appears on the Nicolet 660A along with the steady state performance data 
for eight files. The data were taken from eight files with an eight 
inch diameter combustor, 24 inches long, with a 4.75 inch diameter inlet 
and includes files with no flameholder and the .25Y flameholder, uniform 
and .059 orifice wall fuel injectors, and variations from the baseline 
of 750°R inlet air temperature and nozzle area ratio of 40%. 


The performance data for each file is presented in two sets. One 
set contains the raw data and the other set contains the reduced data. 


The instability data is presented in two oscillographs for each 
record. The unsteady pressure, as a function of time, is presented in 
one oscillograph with the instant spectrum (Fourier Transform or RMS 
Spectrum) in the other oscillograph. The scale on the oscillographs is 
in PSI and RMS-PSI, respectively. 


A description of RMS pressure can be found in the Appendix and a 
description of the terms used in this section precedes the data. 
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1. TERMS IN REDUCED DATA LISTINGS 


WO6 
TTSI 
WOG2 
wo2 


WA3 
TT5-F 
WDFJ85 
QDPTT 


WF 
TT5-P5 


J85F/A 
EFFJ85 


F/A 
ETAC-F 
ETAC-J85 
ETACC-J85 


TTO-R 
TMAX 
ETAC-P5 


ETACC-P5 


P5 
F6 
EQUIV RATIP 
MEX 


Air flow thru 6" line, 1b/sec 

Ideal total temp. of ramjet, °R 

Oxygen makeup for vitiating heater J-85, lb/sec 
Backside heater flow, N/A 


Air flow thru 3" Tine to thrust stand, 1b/sec 

Ramjet total temperature computed from thrust, °R 

CoHy flow to J-85, 1b/sec 

Heat loss to water cooled nozzle and combustor, BTU/sec 


JP-4 fuel flow to ramjet, 1b/sec 


Ramjet total temperature computer from combustor wall 
press, °R 


f/a of vitiator 
combustion efficiency of J-85 


Ramjet fuel-air 

Ramjet Combustion efficiency from thrust 
corrected for J-85 inefficiency 
corrected for J-85 and water cooling 


Thermocouple measurement of J-85 temp., °R 
computed ideal J-85 temp., °R 


Ramjet combustion efficiency computed from comb. static 
pressure 


corrected for J-85 and water cooling 


Combustor static pressure, Psia 

10% of this number is subtracted from thrust 
f/a over f/a stoichiometric 

Exit Mach number of nozzle 


10 
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PT2C - Inlet total pressure calculated from P static inlet (PsI) 
and M2C 

M2C - Inlet Mach number from mass flow, total temp. and static 
pressure 

PEX - Exhauster pressure Psia 

E26 - A blow out parameter 

PT5C - Combustor total pressure computed from TT5-F, air flow, 
& A* with Cy =] 

PT5/ PT2 - PTSC/PT2C 

a* Z ~ * - Vacuum thrust 
SAM/T1**.5 Sa*/vT,, & Sa inflow 
VW 
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2. TERMS IN RAW DATA LISTINGS 


DPEX -~ (Ambient-exhaust) pressure, psi 


DP3 ~ AP across sharp edged orifice (3" dia.), psi 
DP6 - AP across 6” orifice, psi 

F ~ Load cell reading, lbs 

PAMB - Ambient pressure, psia 


PCI - Chamber static pressure, psia 
PC2H4 - C,H, pressure, psia 


24 
P02 - 0, pressure, psia 
PST - Inlet static pressure upstream of fuel injector, psia 
PS6 - A static pressure used to compute F6, psia 
P3 ~ Pressure upstream of 3" orifice plate, psia 
P6 - Pressure upstream of 6" orifice plate, psia 


Chamber static pressure nnn° from the top of the chamber 
and mm inches from the dump, psia 


TC2H4 - C,H, temp., °R 


Pnonnmm 


TIME ~ Absolute time of day - seconds 
T1000, T1090, T1270 - J-85 outlet temp., °R at 0°, 90°, and 270° 
TNIN = Nozzle inlet water temp., °R 
TNOUT - Nozzle outlet water temp., °R 
To2 - 0, temp., °R 
T3 - Air temp. at 3" orifice plate, °R 
T4 - Air temp. upstream of J-85 
T6 - Air temp. at 6" orifice plate, °R 
Tnannmm - Chamber thermocouple at nnn° and mm", °R 
WFH - Fuel flow to ramjet, 1b/sec 
WH2O0) - Nozzle water flow, 1b/sec 
WJ85—- CoHy flow to J-85 - ACFM 
wa2 - 0, flow, Hz from vortex shedding flow meter 
<**#e% - Blank 
12 


AFWAL~TR-81-2047 
Part J 


3. DESCRIPTION OF OSCILLOGRAPHS 


afl fl ow 


BJ eC Je fo fe] 


A - ENTRY FIELD - FIRST 6 DIGITS DATE DATA WAS RECORDED (MONTH/DAY/YEAR) 


- NEXT 2 DIGITS - TRANSDUCER LOCATION NUMBER 
1 = D3 BEFORE DUMP (D3 = 8”) 
4 = 3" AFTER DUMP 


- NEXT 2 DIGITS 


FILE OF DATA 


EXPONENT - RECORD OF DATA 


B - BLANK 

C - ORDINATE TOP OF SCALE FOR TOP GRAPH - E = PSI 

D - ORDINATE TOP OF SCALE FOR BOTTOM GRAPH ~ E = PSI 
E - TYPE OF ORDINATE AXIS - VLN = VOLTS LINEAR 

F - SIGNAL TYPE - C = CONTINUOUS 

G - TOP GRAPH - A = CHANNEL A 


H - BOTTOM GRAPH - B = CHANNEL B 


Figure 5. Location of Oscillograph Description Fields 
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I & J* - GRAPH COMPONENT - R = REAL 

M = MAGNITUDE 
K - TYPE OF AVERAGING - NOT USED 
L - NUMBER OF AVERAGES - NOT USED 


M - PLOT TITLE - IT 


INSTANT TIME 


IS = INSTANT SPECTRUM 
N - INPUT MAXIMUM VOLTAGE FOR CH. A - T = TEST 
A = AC 
D = DC 


O - INPUT MAXIMUM VOLTAGE FOR CH. B 
P - TRIGGER LEVEL - FRACTION OF MAX. VOLTAGE FOR CH. SPECIFIED 
Q - UNITS OF ABSCISSA 


R ~ MAGNITUDE OF ABSCISSA 


*NOTE - FOR 'M' ZERO IS AT BOTTOM OF EACH GRAPH AND FOR 'R' ZERO IS ON 
THE MIDDLE OF THE ORDINATE OF EACH GRAPH 
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4. DATA LISTINGS AND OSCILLOGRAPHS 
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REDUCED DATA LISTING 
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RAW DATA LISTING 
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REDUCED DATA LISTING 
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SECTION V 
DATA LISTINGS 


RMS spectrum peak values of pressure amplitude and phase angle at 
the frequency of the peaks was recorded for all cases throughout the 
parametrics where a peak in RMS pressure at less than 500 Hz was noticed. 
Some steady state data is included for each file where an instability of 
less than 500 Hz was noticed, 


Following the data with a 500 Hz maximum frequency is a section 
with data up to 10,000 Hz for selected files with an eight inch diameter 
combustor. The selected files include all files with uniform injectors 
and no flameholder and all files with a 4.75 in. diameter inlet with no 
flameholder or a 25% Y type flameholder. The 10,000 Hz data also includes 
broadband RMS pressure values for quick instability amplitude comparisons. 
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1. DESCRIPTION OF DATA LISTINGS 


FIRST LINE OF FILE 


FIRST DNATA LISTING PHRASE ba CHAMBER DIAMETER 

"6 IN. CHAMB.' - 6. inch chamber diameter, D3=6." 

"8 IN. CHAMB.' - 8. inch chamber diameter, D3=8." 
"12 IN. CHAMB." - 12, inch chamber diameter, 3-12." 
SECOND DATA LISTING PHRASE - INLET DIAMETER 

'3,°1N. INLET’ - 3. inch inlet diameter, D2=3." 

‘3.5 INLET’ - 3.5 inch inlet diameter, D2=3.5" 

"4 IN. INLET! - 4. inch inlet diameter, D2=4." 
‘4.75 TNLET' - 4.75 inch inlet diameter, D2=4.75" 
‘5.375 INLET’ - 5.375 inch inlet diameter, D2=5.375" 
‘6 IN. INLET - 6. inch inlet diameter, D2=6." 

'7 IN. INLET’ - 7. inch inlet diameter, D2=7." 

"8 IN. INLET’ - 8. inch inlet diameter, D2=8." 
THIRD DATA LISTING PHRASE - FLAMEHOLDER 

'NO F.HOLD.' - no flameholding blockage at dump 
'.25Y F.H.' - a 'Y' (see Table 3 _) configuration 


flameholder with 25% of inlet area 
blockage located at the dump plane 


'.35Y F.H.' - a 'Y' configuration flameholder 


(see Table 3 ) with 35% of inlet 
area blockage located at the dump plane 
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FOURTH DATA LISTING PHRASE = VARIATION FROM BASELINE CONDITION 


‘BASELINE’ - The condition for each inlet, flameholder 
combination from which parametric vari.utions 
were made. For the baseline, the inlet air 
total temperature was set at 1000°R, the 
mass flow was set to obtain a chamber pressure 
times diameter product of 200 PSIA*inches 
(mass flow equals 4 lbs/sec for D3=6.", 

5.55 lbs/sec for D3=8.", and 8.33 lbs/sec 
for D3=12."), the nozzle throat area was 
50% of the chamber area (A*/A5=.5), and the 
chamber length to diameter ratio was three 
(L/D=3.0). 


*'TTO-750R' - the inlet air total temperature was set to 
750°R 


*TTO-1250R" - the inlet air total temperature was set to 
1250°R 


‘LOW FLOW' - the chamber pressure times diameter product 
was reduced to 120 PSIA*inches xiving mass 
flows of 2.49 lbs/sec, 3.33 lbs/sec, and 
§ lbs/sec for chamber diameters of 6 in., 

8 in., and 12 in., respectively 


"40% NOZ.' - Nozzle throat area equals 40% of chamber 
area (A*/Ag=.4). Mass flow was adjusted to 
3.24 lbs/sec, 4.44 lbs/sec, and 6.66 lbs/sec 
for chamber diameters of 6 in., 8 in., and 
.' in., respectively, to maintain baseline 
chamber pressure. 


'60% NOz.* - Nozzle throat area equaled 60% of chamber 
area (A*/A3=.6). Mass flow was adjusted 
to 4.86 lbs/sec, 6.66 lbs/sec, and 10. lbs/sec 
for chamber diameters of 6, 8, and 12 in., 
respectively, to maintain baseline chamber 
pressure. 


'L/D=1.5' - chamber length was reduced to 1.5 times 
the chamber diameter 


FIFTH DATA LISTING PHRASE = FUEL INJECTION TYPE 


‘UNIF. INJ.' - uniform or midstream fuel injection far 
upstream of the combustor to obtain a 
uniform fuel distribution at the dump plane 


‘TUBE INJ.* - orifice fuel injectors (see Figure 4 _) 
located fiush with the inlet wall. The 
injector orifice diameter was adjusted to 
obtain a designated percentage of inlet 
diameter fuel penetration (see Table 2). 


127 


AFWAL-TR-81~2047 . 
Part I 


NUMBERED LINES = PERFORMANCE DATA 


Each number starts a new record of information. A record consists of data 
from one fuel air ratio for the conditions of the file heading. There may 
also be a record with no fuel and a record with no fuel and ambient inlet 
air temperature. 


‘F/A' - fuel to air ratio of the record. The 
fuel used was JP4 which has a stoichiometric i 
F/A of .0676. t 


"ETAC' - the temperature rise combustion efficiency 
in percent of the ramjet combustor calculated 
from thrust measurements 


"TTSF' - combustion chamber exhaust gasses total 
temperature (°R) calculated from thrust 
measurements 

"PTS/PT2' - percent of total pressure recovered after 
the dump 

2° - Mach number of the air in the inlet 

‘PSI’ - static pressure in the inlet in PSIA 

‘pcr’ = static pressure at aft of combustion 


chamber in PSIA 


'AT' LINES = BROADBAND RMS PRESSURES 


The number following ‘'AT' is the location number (see Figure 3) where the 
following broadband RMS pressures were measured, 


"RMS12' - the RMS pressure in PSI of all variations 
in pressure of from 25 to 100 Hz from 
25 to 75 Hz and from 12 to 50 Hz for 6, 
8 and 12 in. diameter combustors, respectively 


*RMS23' - the RMS pressure in PSI of all pressure 
variations from 100 to 1600 Hz, from 75 to 
1200 Hz, and from 50 to 800 Hz for 6, 8 and 
12 in. diameter combustors, respectively 


"RMS 34' = the RMS pressure in PSI of ail] pressure 
variations from 1600 to 10,000 Hz, from 
1200 to 7500 Hz and from 800 to 5,000 Hz 
for 6, 8 and 12 in. diameter combustors, 
respectively 


NOTE - Total RMS pressure = [(RMS12)2 + (RMS 23) 2 + (RMS34)7] 5 
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FREQUENCY LINES 


XXX. HZ - Frequency of a peak amplitude of RMS 
pressure. Note: For data with a 500 Hz 
maximum frequency, resolution bandwidth 
was 1.25 Hz while for a maximum frequency 
of 10,000 Hz, the resolution bandwidth 
was 25. Hz. 


A(n) - the magnitude of the RMS pressute in 
RMS-PSI at frequency specified at the 
beginning of the line at location number 
n (see Figure 3) 


PHASE (n m) - the phase angle difference of the pressure 
oscillations from location n to location m 
at the frequency specified 

For example, if the unstable pressure at location n is X,(t)=Bsin(.tt+: ), 

and the unstable pressure at location m is X,(t)=Csin(utti,), then the 

frequency line would be 


{u/27} HZ A(n)={B/'2} RMSPSI, A(m)={C/+'2} RMSPSI 
PHASE (n m)=Co -o} DEG. 


where brackets indicate numerical values. 
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2. DATA LISTINGS 


a. Low Frequency Combustion Instabilities for a Six Inch 
Diameter Chamber 
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SECTION VI 
SUMMARY TABLES FOR LOW FREQUENCY COMBUSTION INSTABILITY 


To summarize the data, tables were made that contained a space for 
every file tested. Ifa file had a combustion instability of less than 
500 Hz, some data from the record with the largest amplitude instability 
was recorded in the space for that file. Blank spaces indicate that no 
instability of less than 500 Hz was observed for that file. 
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1. DESCRIPTION OF DATA IN THE SUMMARY CHARTS 


'p2' = Inlet diameter in inches 

'F.H.* = Flameholder 

‘Onn Tube Inj' = Diameter of orifice in the tube wall fuel 

injectors in inches 

" FREQ’ = Frequency of the peak amplitude of RMS pressure. 
Resolution bandwidth is 1.25 Hz. 

"AMPL(4/8)' = The RMS pressure density of the oscillation at 4 
(3 inches after dump on the top of the combustor) 
and at 8 (3 inches before the nozzle) 

"PHASE' e The phase angle difference of the pressure oscillation 
from location 4 to location 8 

‘TTS, = Total temperature of the gasses as they leave the 
combustor, OR 

"t/a = Fuel air ratio where the highest amplitude combustion 
instability was observed for that file. 

'NOz' = A*/A3, the ratio of the nozzle throat area to the 
combustion chamber area 

‘w,! = The air mass flow entering the combustor 

"Ty : = The total temperature of the air entering the 

° combustor 
‘Lc! = The length of the combustor in inches 
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SECTION VII 
CONCLUSION 


This report is meant only to present data in a timely manner so 
that interested parties can try to analyze the data to reach their own 
conclusions. Further testing and data reduction is in progress and, 
when completed, will be included in a report with analysis of Ramjet 
Combustion Instabilities. 
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APPENDIX 
RMS PRESSURE 


The RMS pressure is the square root of the time average of the square 
of the pressure or 
55 


q ‘ 
RMS Pressure = | {e(e)y at (1) 
0 0) 


where P(t) is the instantaneous pressure, t is time and Ty is the time 
over which the RMS is taken. 


For any periodic wave shape, the RMS value is proportional to the 
peak to peak value provided that the center pressure is zero. 


For a sine wave, the instantaneous pressure is given by 


P_.P 
P(t) = 32 SIN(wat) (2) 


where Pro? is the peak to peak pressure and w is the frequency, By 
substituting Equation 2 into Equation 1 with integral limits at one cycle 
(RMS integrated over one cycle equals RMS integrated from zero to 
infinity). 


27 
P_oP 2 
RMS = [" (70° sin(wt) } dt/(2r/w) 


to 
and solving 


an 
RMS = —— | sin? (wat) dt on 
ce) 
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% 
) . 


The proportional constant is obtained. 


Simtlarly, it can be shown that for a ramp wave* 


5 
PoP 
_ 0 1 
mms = 32 (5) (4) 
and for a square wave 
PLP 
Rus = 0 (5) 


The RMS spectrum is the RMS pressure of contiguous frequency bands 
and can be obtained with digital or analog electronics, or the RMS 
spectrum is a series of RMS values of sine waves that, when added 
together in the proper phase, will yield the input time history. The RMS 
Spectrum is proportional to the Fourier Transform of a time domain 


function. 


Some examples of input signals and their corresponding RMS spectrums 


are in Figures A-} to A-12. 


*a ramp wave is any wave shape consisting of only linear variations 
from zero to peak; i.e., 
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The RMS spectrum is the square root of the power spectrum. The 
total power over a broad range of frequencies can be obtained by summing 
the power of all the contiguous frequency bands within the range of 
frequencies desired, or 


FREQ] FREQ 2 
TOTAL POWER = DS power. (6) 
FREQ 2 FREQ 1 


Then substituting RMse for power yields 


FREQ1 (FREQ 2 
TOTAL RMS =| >> rms)? (7) 
FREQ 2 LFREQ 1 


Therefore, the broadband RMS can be calculated from the narrow band RMS 
values. Table A-1 shows total (broadband) and harmonic RMS for different 
wave shapes and for white binary noise. 


In noise spectral analysis, the frequency bandwidth that a noise sample 
was divided into could lead to misinterpretation of data because for noise. 
the wider the bandwidth, the higher the amplitude of the power per band. 
Therefore, the noise measurement industry standardized to the power 
spectral density for presenting spectral noise data. The power spectral 
density is the power spectrum amplitude normalized to an equivalent value 
as if the bandwidth was one hertz. 


The problem with the density normalization is that it must essur” a 
flat profile across each frequency band and if there is a strong frequency 
peak within the bandwidth, which is usually the case for combustion 
instabilities, then normalization will average the peak over the bandwidth. 
The end result is that the wider the bandwidth the smaller a discrete 
peak would appear to be after normalization. Whether density normal - 
ization is used or not, presentation of spectral data must include the 
bandwidth the data was reduced into. 
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